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INTRODUCTION

The sum of two just detectable sinusoidal gratings 1s
only slightly more detectable than cither one alone,
provided thal their frequencics are at least an octave
apart (Sachs er al,, 1974). A widely accepted interpre-
tation of this result is that the two gratings are
detected by two stochastically independent channels,
cach of which is scnsitive to only one of the two fre-
guencics. On this theory, the compound grating is
slightly more detectable than cither of its constituents
because of probability summation between the two
channets. In terms of contrast, probability summation
predicts a difference of about 1- 2 dB between thresh-
olds for simple and compound gratings. If the two
gratings excite a single chanacel, then their responses
should add and a difference of about 3 5dB would
result, depending somewhat upon the phases and fre-
quencies (Graham et ¢l 1978). Experiments typically
show about 1 2dB of summation, consistent with
probability summation among spatial frequency selee-
tive channels {Graham and Nachmias, 1971 ; Graham
et al., 1978).

There arc at least three other interpretations of this
resull. '

(1) The gratings fail to summate because they arce
detected at different locations in the visual ficld (Limb
and Rubinstein, 1977). This theory, which invokes the
well-established variations in spatial sensitivity across
the retina, is inconsistent with the recent demon-
stration that gratings confined to a small region of the
periphery also fail to summate (Graham ef al., 1978).

(2} There is abundant cvidence that high and low
spatial frequencies produce responses of substantially
different time course (Robson, 1966; Tolhurst, 1973;
Breitmeyer, 1975, Watson and  Nachmias, 1977).
Hence the responses to Lthe two gratings may not add
because they fail Lo superimpose in time. Presumably,
the gratings would summate more cffectively i dis-
placed in time relative to onc another so that their
responses did coincide,

(3) Both possibilitics (1) and (2) might be true. In
this casc the gratings would summate only if both
localized in space and offset appropriately in time.

In this note we show that temporal asynchrony

9l

between the components of a compound grating docs
not affect its detectability. A similar result has been
reported by Kasday (1978). We further demonstrate
that this result is obtained whether or not the gratings
are spatially localized,

METIIODS

In all 3 experiments patterns were displaved on a
cathode ray tube and were viewed with both cyes and
natural pupils. The equipment and methods of stimu-
lus gencration were conventional, and are deseribed
for Experiments [, 2 and 3 in Watson and Nachmias
(1977), Watson (1979) and Watson and Robson (1979),
respectively.

EXPERIMENT 1

‘In the {irst experiment we determined the prob-
ability of detecting gratings of 3.5 and 10.5 ¢/deg, both
separately and in combination. Each trinl was marked
by a tone, and consisted of two time slots, cach
25 msee in duration, separated by some asynchrony.
Each grating could be presented in any trial with a
prabahility of 0.5, and when presented, occurred in
cither (but not both) time slot with equal probability.
Thus a given trial might contain a simple grating, a
synchronous compound grating, a compound grating
of some asynchrony, positive or negative, or a blank.,
In cach of 9 sesstons of 600 trials asynchronics of 53,
78, 105, and 131 msec were used. The gratings were
presented in cosine phase. On each (rail, the obscerver
{ABW) reported whether he saw the stimulus,

The triangles and circles in Fig. | show respectively
detection rates for simple and compound gratings,
averaged across all sessions. The squares indicate false
alarm rates. The broken line represents the detection
rate for compound gratings predicted by probability
summation. The line, which is cssentially -flat, pro-
vides a good account of the obtamed detection rates:
in only onc casce out of nine does the line fall outside
the 95% confidence intervals, and the other small
departures show no obvious trend.
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Iig. [. Detection rates as a function of asynchrony for component gratings of 3.5 ¢/deg (open triangles),
10.5 ¢fdeg {solid triangles), for compound gratings (cireles) and for blanks {squares). The broken line is
the rate predicted for compound gratings by probability summation.

EXPERIMENT 2

In this cxperiment 2AFC psychometric functions
were collected concurrently for simple gratings of 3
and 9c/deg and for their combination at some
asynchrony., The gratings were again presented in
cosine phase. In cach session of 720 trials a single

temporal asynchrony was used, and the three types of

stimuli were presented equally often at cach of 4 con-
trasts spanning in 2 dB steps a previously determined
threshold. The duration of cach component grating
was 15 msce. One naive but practiced obscrver (LS)
was used.

Each of the 17 sessions of this experiment provided
three psychometric functions. The 51 sets of data were
individually fit by the familiar function

p =1 — 05 expl —(c/a)"| ()

where p is the proportion correct, ¢ the contrast, ff a
parameter controlting the slope of the function, and o
the threshold contrast, that is, the contrast at which
p = 082, The fitting procedure provides maximum
likelihood cstimates of a and f, and s described by
Watson (1979). :

At cach asynchrony, an estimate of threshold for
cach simple grating has been obtained by averaging
(in dB) the ostimates from individual sessions. The
threshold for a compound [rom one sesston may then
be expressed as two numbers indicating for cach com-
ponent the fraction of its threshold present in the
compound. These (wo numbers may then be con-
vcrictl, by means of the convenient summation rule
described in the appendix, into a single number which
approximates the amount (in dB) by which the thresh-
old for cither component is reduced when that com-
ponent is part of a compound. These threshold reduc-
tions, averaged at cach asynchrony, are plotted in Fig,

2. The vertical bars enclose 4 SE, based on a standard
deviation estimated (rom all (7 threshold reductions,
The estimates of ff from all 51 psychometric functions
have also been averaged, yielding a mean of 3.71 and
ST of 0.86. By assuming cquation (1} and this esti-
mate of f, and by supposing that incorrect responses
represent  puesses, we can cileulate the threshold
reductions expected if both components are detected
by the same channel, or by different channels (Gra-
ham ef al, 1978; Quick et al., 1978). These two predic-
tions arc shown by horizontal broken and continuous
lines respectively in Fig. 2. Allowing § to vary over
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Fig, 2. Threshold reductions for compound gratings as a

functior of the asynchrony between the component grat-

ings of 3 and 9 ¢/deg. Reductions predicted by one and two
channel models are shown.
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+ 280 of its mean alters these predictions by only
about 0.1 dB. Note that the one channel prediction
specifies the threshold reduction expected if the re-
sponses o the two gratings were superimposed in
time. The data are well described by the two-channel
prediction, and no asynchrony gives a threshold
reduction approaching that predicted by a single
channel.

Several more stringent tests have been applied to
these data in an attempt 1o find any systematic depar-
tures from probability summation. None were suc-
cessful, so we shall deseribe only the simplest. Within
cach session three contrast levels were common to
both simple and compound gratings. At cach of these
levels, probability summation predicts that the three
proportions correct should be related by

Paio =1 =051 = p)(1 = pg) {2)

A likelihood ratio test applied to each of the 17 ses-
sions never rejects (p < 0.05) this hypothesis.

EXPERIMENT 3

[n order to lessen the possible influcnce of retinal
inhomogeneily we conducted a third experiment in
which the gratings were windowed by multiplication
with a radially symmetric Guussign function which
fell to 0,37 at a distance of 0.75" from its maximum. Tn
addition, these patches of grating were presented 7°
above fixation in a region shown to be relatively uni-
form in spatial scnsitivity (Robscn and Graham,
1978). To make the test more bold, we used frequen-
cics of 2 and 4 ¢/deg, only one octave apart. The grat-
ings were presented in sine phase relative to the center
of the spatial window. This phase can be shown by
calculation to give the largest difference between
single and multiple channel predictions (about 2 dB).
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Fig. 3. Threshold reductions for compound gratings as a
function ol the asynchrony between spatially and tempor-
ally windowed component gratings of 2 and 4 ¢/deg,

In order to remove possible complications introduced
by temporal transients, the presentation of cach com-
ponent grating followed a Gaussian time course, fall-
tng to 0.37 of its maximum in 40 mscc. The asyn-
chrony of the components is specified by the time
intervening between the maxima of their time courses.

Within a session, the two simple gratings and their
asynchronous compound were each presented 60
times in random order. The ratio of contrasts of the
two components of the compound was fixed within a
session at the current cstimate of the ratio of their
thresholds, and the contrast of both simple and com-
pound gratings was controlled from trial to trial by a
2AFC QUEST staircase procedurc. This efficient pro-
cedure presents each trial at the current maximum
likelihood estimate of threshold, and will be described
in more detaif in a future publication (Watson and
Pelli, 1979). The obscrver in this cxperiment was
ABW,

The data of cach session were treated identically to
those of Experiment 2, except that in the fitting pro-
cedure the valuc of the cxponent f was set at 3.5
(since 60 trials do not allow a precise cstimate of this
parameter). This value of f, which does not differ
significantly from estimates derived from greater
numbers of trials under the present experimental con-
ditions, has also been used in the predictions, Figure 3
shows the threshold reductions at each asynchrony
averaged over a minimum of 4 sessions. The vertical
bars enclose 4 SE. Again, the results do not depart to
any appreciable extent from the two channel model,
and no asynchrony gives an amount of summation
consistent with the single channcl model.

DISCUSSION

The threshold contrast for a compound grating
whose components differ by at least an octave in fre-
quency is unaffected by temporal asynchrony between
the components. This is so whether or not the grat-
ings are confined to a small region of retina of rela-
tively uniform spatial sensitivity. These findings arc
entirely  consistent  with  probability summation
between independent, spatial frequency  selective
channels, and are inconsistent with a single channel
modcl in which different frequencies fail to summate
because they arc detected at different points in space,
time, or space and time.
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APPENDIX

Consider two stimuli of amplitudes ¢ and b and thresh-
olds A and B. Consider a rule for combining the effects of
the two stimuli which says that, at threshold,

I = [{a/A)™ + (hypyM]U e (Al}

The paramcter M specifics a family of summation rules,

among which arc addition (M = 1), sclection of the maxi-

mum (M = =0), and probability summation (M = f§, where
# is the exponent of equation (1) in text.

Note that when the stimuali are added in amplitudes that

are cqual fractions of their thresholds, that s, when
afA = bR, then at threshold for the compeund,
ajfd e 200 1M (A2)

Hencee the threshold reduction for cither stimulus, that is,
the decibel difference between a and A or b and B is given
by 6/M. For example, the three cases noted above given
threshold reductions of 6, 0, and 6/AM dB. The quantity
6/M will be a usetul measure of the amount of summation
obtained between two stimuli if the value of M derived
from data by means of cquation (Al) does not depend too
much upon departures from cquality of «/4 and b/B, in
other words, if the true summation function does not differ
too muck from that given by equation (A1)



